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isms with nervous systems, and, remarkably, certain
of its protein constituents are highly conserved, with
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for Multiple Sclerosis one billion years before present. The lipid and protein
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and Molecular Biology and to function in axon-glial cell adhesion, in intercellular
signaling and biochemical exchanges between its cellu-The Fishberg Center for Neurobiology
The Mount Sinai School of Medicine lar components, in the wrapping process by which the
glial cell ensheathes and myelinates the axon, and, once1425 Madison Avenue
New York, New York 10029 formed, in stabilizing the axon-glial association, which
is compromised in “glial” disease states such as multiple
sclerosis, Guillain-Barre´ syndrome, certain Charcot-
Marie-Tooth entities, and a variety of neurological dis-Summary
eases in which the neuron is the primary target. As a
“fusion” product of neuron and glial cell, the axoglialOn axonal surfaces that flank the node of Ranvier and
apparatus is also perfectly positioned to be affected byin overlying glial paranodal loops, proteins are ar-
diseases of both cell types.ranged within circumscribed microdomains that defy
explanation by conventional biosynthetic mechanisms.
Key Features of the Axoglial ApparatusWe postulate that the constraint of proteins to these
The node of Ranvier and its associated machinery medi-loci is accomplished in part by discriminative mem-
ate saltatory conduction (Hodgkin and Huxley, 1952)—brane-embedded molecular sieves and diffusion barri-
the rapid jumping of the action potential from node toers, which serve to organize and redistribute proteins
node along a single nerve fiber. The term “saltatory”after delivery by vesicular transport to neural cell
derives from the Latin saltare, meaning “to leap, jump,plasma membranes. One sieve likely comprises a
or dance.” The invention of saltatory conduction allowedmoveable, macromolecular scaffold of axonal and glial
for several advantageous features to develop in the ver-cell-derived transmembrane adhesion molecules and
tebrate nervous system (see, for example, Von Muralt,their associated cytoplasmic binding partners, located
1959). In the CNS, because one oligodendrocyte my-at the ends of each elongating myelin internode; this
elinates many axons, and myelinated axons relay thesieve contributes to restricting the sodium channel
action potential at high speed along very thin fibers,complexes to the node. We also anticipate the exis-
limited braincase space now could be maximally allo-tence of a passive paranodal diffusion barrier at the
cated to expand the neuronal cell population, at themyelin/noncompact membrane border, which prohib-
expense of the glial cells. Saltatory conduction gaveits protein diffusion out of contiguous paranodal mem-
the neuron the advantage of not having to constantlybranes.
regenerate the impulse along every micron of axonal
surface; the metabolic debt incurred through general
neural activity is thus greatly reduced along myelinated“There was a single act of Creation. . . everything since
fibers. Because exceedingly rapid conduction alonghas been Assembly.”
thousands of thin axons bundled into a single peripheralLincoln Kirstein, then Artistic Director of the
nerve was now possible, myelinated vertebrates couldNYC Ballet, overheard at a cocktail party in 1972.
become highly coordinated. Finally these organisms
evolved to be physically much larger, while maintaining
Introduction the very fast reaction times to situations involving preda-
In the nervous system, each node of Ranvier and its tion and escape that had ensured the survival of our
two flanking myelin segments comprise architecturally much smaller, unmyelinated ancestors.
complex regions of neural tissue (Figure 1a). The assem- Myelinated nerve exhibits long stretches of ensheath-
bly process by which is formed the strong link between ment interrupted by regularly spaced “bare” axonal seg-
the axon and myelinating cells that grip it is an example ments termed nodes of Ranvier. The myelin sheath is
of profound intercellular cooperativity (Morell, 1984; Pe- the product of a single cell that can be more than a
ters et al., 1991). The node and its flanking myelin sheath millimeter in length. Segmental compact myelin is orga-
collar may in fact be considered a compound organelle, nized in internodes, and the myelin membrane is com-
the axoglial apparatus, and it is one of two major junc- posed of a few major proteins, regularly arranged in a
tional devices in the neuraxis essential for normal integ- lipid matrix. Near the ends of the internode, the glial cell
rative neural function—the other complex junctional de- plasma membranes abruptly open out from compact
vice is the synapse. Among the vertebrates, the axoglial myelin into cytoplasm-filled channels termed “para-
apparatus is quite generic; it possesses features com- nodal loops.” The loops are held in register with one
mon to axons and their ensheathing cells in all organ- another at least in part through adherens junctions (Fig-
ure 1b; Fannon et al., 1995; Rosenbluth, 1995). The pa-
tent channels enclosed by these membranes are the1 Correspondence: david.colman@mssm.edu
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Figure 1. Morphology of the Axoglial Apparatus
(a) The axoglial apparatus consists of the node of Ranvier (N), recognized as the bare axonal segment, flanked by paranodal (Pn) loops,
formed by the terminal expansions of myelinating (My) cells, and the juxtaparanode (Jpn), which is located distal to the paranodal domain.
The inset demonstrates the electron-dense “septa” (arrows) of the axoglial junction, whose functions may include intercellular adhesion, as
well as molecular sieving. Adapted from Peters et al. (1991).
(b) Freeze-fracture electron microscopy reveals intramembranous particles, restricted to the nodal region, the narrow “interjunctional” region
between the paranodal loops, and the juxtaparanodal region. The particles are largest in the nodal region, almost 20 nm in diameter and are
likely to correspond to sodium channels and their interacting protein partners. Smaller particles in the paranodal and juxtaparanodal regions
may participate in the adhesive linkage between the myelinating cell and the axon, and in barrier formation. Adapted from Rosenbluth (1976).
(c) The node comprises sodium channel subunits and their interacting partners, including neurofascin 186, NrCAM, and ankyrin G. The glial
paranodal loops engage in two types of epithelial-like junctions: tight and adherens junctions. OSP/claudin-11 is a constituent of the tight
junctions in the CNS, and E-cadherin mediates adhesion at the adherens junctions between the paranodal loops in the PNS. The proteins of
the axoglial junction include caspr/paranodin, F3/contactin in the axon, and neurofascin 155 in myelinating glia. The juxtaparanode zone
contains the potassium channel subunits Kv1.1, Kv1.2, and Kvb2, and putative interacting proteins, such as caspr2 (Poliak et al., 1999).
(d) The alignment of proteins subdomains in relation to morphological features of the axoglial apparatus in the PNS demonstrates that sodium
channels (red in the second panel) are restricted to the node of Ranvier and are flanked by the caspr paranodal domain (red in the third
panel). Potassium channels (green in the third panel) are localized distal to the caspr “collar” in the juxtaparanodal region. Schmidt-Lanterman
incisures contain the myelin associated glycoprotein (green in the second panel). Adapted from Arroyo and Scherer (2000).
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“vital zones” of the myelinating cell, where molecular how seamlessly its form is integrated with its function
interchanges take place across the loops themselves makes one wonder how it could ever have arisen in
(Balice-Gordon et al., 1998), with the external environ- nature as a product of evolutionary algorithms, i.e., with-
ment, and with the axon. At these sites, membrane de- out a preternatural Designer. In this regard, the appara-
position and remodeling, adhesive interactions, junc- tus and the associated myelin sheath would have de-
tional assembly, and signal transduction events transpire. lighted William Paley, the 18th century theologian who
The paranodal loops are attached to the underlying axon argued that biological systems are such perfect expres-
via the axoglial junction and bordered by a tight junction sions of form and function that they must have been
network between the glial loops (Tetzlaff, 1978). In ma- purposefully designed (Paley, 1802). Paley would have
ture nerve, the paranodal loops are wound around the readily accepted the idea that the axoglial apparatus
axon in a spiral and seem to be actually “embossed” could not have sprung into being without a divine set
upon it (Rosenbluth, 1976). It is interesting that during of plans, divinely implemented. Metaphysical origins for
nerve development growth is accomplished by expan- complex biological structures notwithstanding, several
sion of the internode, rather than by addition of new excellent reviews have been published of late that avoid
nodes of Ranvier. Thus, the ends of the internodes are evolutionary retrodictions, but do detail the architecture,
constantly pressed up against existing nodes, even dur- and describe the intriguing distributions of proteins
ing nerve elongation. The normal situation for a mature within microdomains of the axoglial apparatus (Arroyo
nerve may be a kind of “dynamic tension”; myelinating
and Scherer, 2000; Peles and Salzer, 2000; Rasband
cells reach the limits of longitudinal growth when they
and Shrager, 2000; Rosenbluth, 1995; Trapp and Kidd,
cannot elongate any further because they abut a node
2000). The puzzles remain, however. The present articleof Ranvier. We suggest that symmetrical lateral com-
does not comprehensively review this literature, butpression is one key element in the formation and mainte-
rather focuses on the question of how the apparatus isnance of the normal architecture of the node of Ranvier.
assembled. How do these cells configure their surfacesAs detailed in Figure 1d, the mature node is densely
with such absolute precision, establishing sharply bor-populated by cytoskeletally anchored voltage-gated so-
dered microdomains, each with its characteristic poly-dium channels (Rosenbluth, 1976), and certain immuno-
peptides in nonoverlapping distributions? What are theglobulin superfamily cell adhesion molecules (neurofascin
organizational mechanisms underlying axoglial appara-186, and nrCAM), bound to subjacent cytoskeleton-inter-
tus formation?acting proteins (spectrin and ankyrin G). Each of these
proteins has been proposed to interact with the sodium
channels (see Salzer, 1997, for review), and while the
Mechanisms by which a Nodal Superstructureprecise relationship of these proteins to sodium channel
Is Assembledclustering at the node remains unclear, together these
The axoglial apparatus is an exquisitely constructed su-proteins can be viewed as forming part of a macromolec-
perstructure, reiterated at regular intervals along myelin-ular conglomerate embedded at the node of Ranvier
ated nerves. How can we explain this, given that it is(Figure 1b). In contrast, potassium channels are absent
generally agreed that our understanding of the basicfrom the mature node but are concentrated within the
juxtaparanodal regions (Chiu and Ritchie, 1981) (Figure sorting and targeting mechanisms operative within neu-
1d; and see Arroyo and Scherer, 2000). The interacting ral cells is rudimentary at this time? In terms of the
cell adhesion molecules caspr/paranodin/NCP1 and neuron, the fundamental problem of how segregation
contactin are also found concentrated in the paranodal of proteins either to the somatodendritic or axonal com-
region (see Bhat et al., 2001, and Boyle et al., 2001 [both partments is accomplished still persists, although it was
in this issue of Neuron]). at first anticipated (as is the case in generalized epithelia)
At the axoglial junctional interface, axonal and glial that segments encoded within the primary amino acid
membranes are in absolute register with and rigorously sequence of individual polypeptides would contain the
parallel to each other; both plasma membranes exhibit appropriate sorting and targeting information to direct
electron-dense thickenings and subplasmalemmal den- a polypeptide to one or the other compartment. In es-
sities. Junctional proteins also seem to be attached to sence, we still do not understand how certain proteins
an underlying cytoskeleton (Ichimura and Ellisman, enter the axon, while others are directed to the somato-
1991) and have prominent “pegs” or ladder-like densi- dendritic domain (Colman, 1999; Winckler and Mellman,
ties (septa) that protrude with regular periodicity into
1999).
the cleft; the septal pegs are well defined and spaced
The primary mechanism for delivery of new membranefairly widely apart (Hirano and Dembitzer, 1967; Laatsch
and proteins to the axonal compartment is of courseand Cowan, 1966). In this respect, the axoglial junction
vesicle-mediated transport, even though as we haveclosely resembles the glial septate junction of the inver-
stated above, the “discriminator” that determines if atebrate nerve-blood barrier. Although it is an unmyelin-
particular vesicle will be channeled to the axon hillockated system, the invertebrate septate junction, like the
or not is at present unknown. Once within the axonalvertebrate axoglial junction, is a structure specialized
compartment, vesicles containing integral membranefor a role in electrical and chemical insulation of axons.
proteins, perhaps already engaged in obligatory com-It is of interest that at least one protein component,
plexes, and possibly even associated with their cognatecaspr, is common to both, which suggests a prominent
cytoplasmic binding partners, are sent via the fast axo-functional role for this conserved protein in both nervous
nal transport machinery to their appropriate destina-systems (Bellen et al., 1998).
The sheer complexity of the axoglial apparatus and tions. This may be the case for caspr and contactin
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(Boyle et al., 2001; Bhat et al., 2001). Certain free polyso- sieve may help explain these observations in mechanis-
tic terms.mal products (for example, ankyrin and cytoskeletal ele-
ments) are first synthesized in the somatodendritic com- We suggest that axoglial organizing mechanisms op-
erative during development include a complex, move-partment and, once within the axon, may be delivered
to axonal sites via the “slow” components of axonal able scaffold of sieving/barrier proteins that span the
axonal and glial cell bilayers, extending into the cyto-flow (Brady et al., 1999).
Once entrained within the axonal compartment (how- plasms of both cell types, joined by adhesion molecules
linked across the intercellular cleft. For the purposes ofever they get there), how are proteins discriminatively
distributed such that some, for example, are perfectly this article, the molecular sieve may be thought of as
an intramembrane “filter” that either impedes or allowsand directly targeted to the presynaptic membrane, and
others become localized at the nodes of Ranvier? Fur- the passage of certain proteins and lipids laterally (in
cis) through it. Perhaps we are most familiar with thisthermore, and this is a most vexing problem, how are
nodal proteins, such as the sodium channel, uniformly concept in terms of intercellular movement (in trans) of
solutes, e.g., a gap junction is clearly a molecular sieve.distributed at z1200 channels per/mm2 at each node
along the entire axonal length? It is reasonable to sug- Conceptually, a sieve can actively discriminate between
similar entities; the sodium-potassium exchange pumpgest that a temporal hierarchy of sorting, targeting, as-
sembly and “constraining” mechanisms may operate can be thought of as a molecular sieve. By contrast, a
diffusion barrier is, in the strictest sense, a fence orand eventually converge to yield the nodal superstruc-
ture. It is also reasonable to expect that within this hierar- true barrier, i.e., it acts passively to restrain mobility of
material across its boundaries; a tight junction networkchy, each organizational mechanism may depend on
the prior success of events to build upon, and that inter- is a functional diffusion barrier.
Evidence for molecular sieves and diffusion barriersference with one mechanism may have downstream ef-
fects, and so compromise the entire structure. in a variety of cellular systems comes from examination
of the distribution of certain lipids and proteins alongThe premise of this article is that intramembranous,
selective molecular sieves and diffusion barriers actively continuous plasma and intracellular membranes. In cul-
ture (Kaplan et al., 2001) and in situ in the cerebellumorganize the plasma membranes of all cells. In terms
of nervous system organization, this is still a fledgling (Zhou et al., 1998), sodium channel clustering at the
hillock is good evidence for the existence of a diffusionconcept, recently articulated by Winckler and Mellman
(1999). Using optical tweezers to measure lateral mobil- barrier at this site. In yeast, septins have been shown
to demarcate plasma membrane diffusion barriers be-ity of axonally bound beads, these authors have uncov-
ered a prominent diffusion barrier that exists in culture tween mother and daughter cells (Takizawa et al., 2000).
In epithelial cells that abut an extracellular lumen, tightalong the naked axon at the initial segment (Winckler et
al., 1999). They found that within the initial segment junctions form a circumcellular ring creating a diffusion
barrier that separates an apical and a lateral intercellularmembrane, resident proteins are anchored to each other
and to the cytoskeleton. The implications of this imagi- surface (Rodriguez-Boulan and Powell, 1992). In these
model epithelial cell systems, transmembrane proteinsnative study are that in addition to the well-known vesi-
cle-mediated mechanisms for sorting and delivery of are not only targeted to one or another surface, but lipid
anchored-moieties as well; for example, certain GPI-proteins to restricted domains at the cell surface, neu-
ronal and glial cell surfaces contain domains comprising linked proteins are localized uniquely at the apical sur-
face of representative epithelial cell monolayers (Lisantidiscretely different components, that restrict the lateral
passage of certain proteins through them, while allowing et al., 1988). Intracellularly, diffusion barriers exist in
organelles that occupy the same topological membraneother proteins to move freely beyond the barrier. Here,
we speculate how membrane-embedded diffusion barri- surface, including the rough endoplasmic reticulum-
smooth endoplasmic reticulum boundary, and the roughers and molecular sieves might assist in the process by
which the axoglial apparatus is assembled and main- endoplasmic reticulum-outer nuclear envelope bound-
ary. In the immune system, complex barrier zones aretained. Winckler and colleagues identified a diffusion
barrier on bare axons in culture, but it seems plausible set up between T cells and the antigen presenting cells
at “immunological synapses.” Here, sets of transmem-that if two such membrane-embedded barriers existed
on apposing cell surfaces, such as those comprising brane molecules are concentrically arranged to form an
adhesive interface between the two cells. Once formed,the axoglial junction, or between paranodal loops, one
way to line up the barrier hemidomains on either cell proteins, if they are greater than a certain size, cannot
pass the lateral diffusion barriers set up by the transcel-surface would be via adhesion molecules whose extra-
cellular domains interact in the cleft and whose trans- lular scaffold zippered together by adhesion molecule
interactions across the cleft (Grakoui et al., 1999). And, inmembrane and/or cytoplasmic domains are contribu-
tors to the diffusion barriers themselves. One such the CNS, excitatory synapses, when stimulated, display
differential lateral movement of synaptically localizedmolecular sieve we anticipate is located within the axo-
glial junction, and we postulate that it is responsible proteins, highly suggestive of complex diffusion barriers
or sieves operative at each synapse (Tanaka et al., 2000).for the “pushing” of sodium channels into their nodal
locations and the sieving of potassium channels to the Parenthetically, analogous molecular sieves and diffu-
sion barriers might exist in dendritic trees that arejuxtaparanodal domains. Movement of sodium channel
clusters has been noted by others (Novakovic et al., aligned orthogonal to a cortex, where dendritic shafts
are collectively arranged to span several distinct layers,1996; Rasband et al., 1999; Rosenbluth, 1995), and we
speculate that the existence of a paranodal molecular each layer receiving different types of synaptic inputs.
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Figure 2. Actin and/or Actin Binding Proteins May Contribute to the Molecular Sieve at the Paranodal Ends
(a) Actin filaments (red) contribute to the elongation of Schwann cells (SC) on axons (blue) and to the initiation of the wrapping process. At
the stage shown here, the SC has formed one to two wraps around the axon. This image is a reconstruction of serial confocal optical sections.
It permits visualization of the outline of the SC membrane highlighted by actin immunostaining. (b) An artist’s interpretation of the image in
(a). There is longitudinal movement toward what will become a node of Ranvier. The arrow points in the direction of SC elongation as it
“crawls” along the axon. The line represents the cross section depicted in the inset. At this stage, sodium channel clusters (red in [c]), which
can not pass under the sieve, are collected and are moved as an ensemble toward the future node of Ranvier.
Neurons and Myelinating Cells Cooperatively coexist on the same axonal surface. It must also be
considered that during myelination and even in matureAssemble the Axoglial Apparatus
To assemble the nodal superstructure in the CNS or neurons, new channel subunits may continually be deliv-
ered to the axonal surface via vesicular transport.PNS, the axonal surface must become organized so that
sodium channels become appropriately laterally clus- During myelinogenesis, myelinating cells distribute
along the axon in intermittent positions. This engage-tered and tethered to the subjacent axonal cytoskeleton
(Lambert et al., 1997). This seems to be a complex pro- ment, which ultimately brings an expanded glial plasma
membrane sleeve to within at most a few nanometerscess. In the adult optic nerve, sodium channels isoforms
are localized to discrete domains of the myelinated axon of the apposed axonal membrane, is likely to be medi-
ated via recognition/adhesion molecules, of which only(Boiko et al., 2001). While Nav1.2 is restricted to the
unmyelinated intraocular segment, Nav1.6 is clustered a few candidates with the correct distributions have
been identified as of now. Three integral membrane pro-specifically in the node. Interestingly, this adult distribu-
tion pattern appears to result from dynamic develop- teins, caspr and contactin on the axon (Rios et al., 2000;
Bhat et al., 2001; Boyle et al., 2001), and neurofascinmental interactions. During nerve development, Nav1.2
is expressed not just in the unmyelinated region by also 155 on the glial surface (Tait et al., 2000) codistribute
and perhaps coaggregate at the ends of the formingat newly formed nodes. As myelination progresses and
nodes mature, Nav1.2 is gradually replaced by Nav1.6. internode with each other, but none of these are known
as yet to exhibit bona fide heterophilic adhesion proper-This transition is myelination dependent, and in the Shiv-
erer mouse mutant, which lacks compact myelin, the ties. In fact, in caspr (Bhat et al., 2001) and contactin
(Boyle et al., 2001) mutants, the axoglial junction struc-transition does not occur (Boiko et al., 2001). Similarly,
in cultured neurons, nascent clusters of sodium chan- ture is compromised, and the axoglial gap widens, but
some paranodal loop membranes remain associatednels can form in response to a soluble oligodendrocyte
factor (Kaplan et al., 1997, 2001), and it will be important with the underlying axon, as if certain adhesive interac-
tions are preserved. This implies that other moleculesto identify this factor biochemically and test its proper-
ties in situ. In vivo, upon glial contact at the onset of with adhesive functions may eventually be found to as-
sist in organizing the axoglial junction.myelinogenesis, sodium channels are observed to clus-
ter, while potassium channels seem to cluster at matura- As membrane is added to the growing myelin spiral,
and more paranodal loops are laid down internal to thetion (Rasband and Shrager, 2000), in association with
another neurexin, caspr2 (Poliak et al., 1999). There is outermost loop, the internode of each myelinating
cell—at first very short—expands longitudinally awayno reason to conclude, however, that all sodium channel
subunits are able to cluster at any given time; successful from its center, moving toward the expanding internode
of the adjacent myelin-forming cell. We propose thatclustering may perhaps depend upon the cobinding of
other integral proteins, or cytoskeletal (Malhotra et al., neuronal and glial transmembrane proteins tethered to
the cytoskeletons of both axons and myelinating cells2000; Srinavasan et al., 1988; Zhou et al., 1998) or motor
proteins, and this binding may have rate-limiting kinet- create, very early on, a boundary macromolecular sieve
that acts to prevent sodium channel oligomer/ankyrinics. These clustered and nonclustered channels might
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Figure 4. Consolidation of the Caspr Spiral
Myelinating cocultures of dorsal root ganglion neurons and SCs
immunostained with caspr antibodies. Caspr labeling on the axon
is a spiral that marks the overlying turns of the future paranodal
loops, as would a shadow. At early stages, the spiral is limited to
the central region of the axon that has been invested by a SC (a).
As the process progresses and the SC elongates as in Figure 2, the
spiral is compressed and consolidates (b), gradually compacting
until individual turns can no longer be distinguished (d). The process
can be asymmetric, with one paranode progressing more rapidly to
a mature stage than its partner across the consolidating node of
Ranvier (c). (e) is a schematic representation of the nodal area. WhenFigure 3. Segregation of Sodium Channels
compact myelin is peeled away, the consolidated paranodal loops
Myelinating cocultures of DRGs and SC were immunolabeled for are revealed, and the double spiral arrangement of adherens junc-
sodium channels (green in [a], [b], [c] and [d]), caspr (red), neurofila- tions is visualized. The molecular sieve formed at the interface be-
ments (blue), and potassium channels (green in [e]). The elongation tween the paranodal loops and the axon is an effective barrier to
of SCs along the axon causes sodium channel clusters to move sodium channel movement under the myelinating cell, but allows
(a and b) until two heminodes fuse as a mature node (d). Intermedi- the passage of smaller potassium channels.
ate stages of the process (c), where the paranodal loops are still
loose. The arrows in (a) show the direction of the SC movement.
(b) The axonal surface between heminodes has a higher density of
channels, whose subunits are of much lower molecularsodium channels than the segments that have already been
mass and, since they do not bind ankyrin G, may be“plowed” by the Schwann cell. The restricted distribution of ion
less well tethered, if tethered at all, to the axonal cy-channels on either side of the paranode is shown in (d) and (e),
where sodium channels are nodal, and potassium channels are toskeleton. Since the sodium channels cannot pass
juxtaparanodal. through the end sieve, the elongating internode collects
and physically plows them toward the oncoming chan-
nel cluster being moved along the axonal surface by
the adjacent internode (Figure 3a). As the internodesG/actin clusters from traversing it and, thus, gain access
to the axonal surface compartment subjacent to the elongate toward each other, nonclustered surface chan-
nels may be swept up and along, becoming part ofcompact myelin domain (Figures 2 and 5a). We further
postulate that the sieve allows passage of potassium the sodium channel front that eventually fuses with an
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Figure 5. Location of Diffusion Barriers and
Molecular Sieves in the Axoglial Apparatus
(a) This model illustrates that the movement
of the sodium channel complex toward the
future node of Ranvier is accomplished by
the physical pushing and sieving through a
web of interacting molecules protruding from
glia and axon that are anchored at the para-
nodal domain. The large size of the sodium
channel complex formed by the sodium chan-
nel subunits and interacting proteins prevents
the diffusion of channels under the paranodes,
whereas the smaller size of potassium chan-
nel subunits allows the sieving of these chan-
nels under the glial loops. The restriction of
potassium channels to the juxtaparanodal
domains is further dependent on the forma-
tion of axoglial junction components at the
paranodes, which prevents the lateral diffu-
sion of potassium channels into the para-
nodal and nodal domains.
(b) As described in the text, there are several
sets of devices that could serve as boundary
sites for diffusion barriers and molecular
sieves in the axoglial apparatus: (1) the com-
pact myelin paranodal loop boundary where
MBP deposition abruptly terminates; (2) the
molecular sieve whose components remain
unknown but which is postulated to be a
transbilayer scaffold with adhesive trans-
membrane and cytoskeletal components; (3)
the tight junction network that connects para-
nodal loops has been shown to be an effec-
tive diffusion barrier in epithelial cells; (4) near
the adherens junction, at least in the PNS, gap
junctional components have been identified
and are known to be functional (Balice-Gor-
don et al., 1998).
identical heminodal front moving toward it (Figure 3). region into the paranodal domains. While these results
suggest a role for caspr and contactin in the restrictionThus, the “heminodes” and “binodal” (Boiko et al., 2001;
Rasband et al., 1999) sodium channel images observed of specific axonal domains, the precise mechanisms
underlying this role remain somewhat obscure. In theseby others would in essence be works-in-progress; in
time, each expanding internode generates fused chan- mutants, the normal paranodal junctions and paranodal
loops fail to form properly, and the deletion of eithernels that form a single mature node of Ranvier (Figure 3d).
Evidence for paranodal loop migration toward the fu- protein results in the absence of both proteins at the
paranodal region, making it difficult to rule out that theture node is observed in the progressive consolidation
of the “caspr spiral” on the axonal surface (Figure 4), a effects on potassium channel localization are not an
indirect effect of generally perturbed axoglial structuredirect reflection of the position of the overlying para-
nodal loops. As the node forms, the caspr spiral consoli- (Bhat et al., 2001; Boyle et al., 2001). Interestingly, so-
dium channels are still largely correctly distributed at thedates into a tight helical coil. In mature nerve, caspr
and, by inference, its binding partner contactin, thus node in these mutants, but with nodal particle numbers
(presumably sodium channels) reduced from z1200/appears as an axonal “collar,” which, in support of the
model presented above, in the normal animal completely mm2 to z700/mm2 (Bhat et al., 2001). However, although
septa are absent, contact of mutant paranodal loopsseparates sodium from potassium channels (Figure 1d).
On the apposing glial surface, neurofascin 155 presents with the axonal surface is surprisingly unaffected. This
argues for at least partial preservation of the ion channela corresponding identical pattern. We may adduce
therefore, that the site of the molecular sieve for the ion sieve in these mutants, and hypothetically, as noted
above, for the participation of as yet unidentified compo-channels may be found at the axon-glial interface, where
caspr, contactin, and neurofascin are localized and may nents in axon-glial membrane interactions.
participate, along with other proteins, in the functions
of the sieve. One prediction of this model would be that The Molecular Fence at the Compact
Myelin-Paranodal Loop Boundaryin the absence of caspr, contactin, or neurofascin, one
would expect a mislocalization of sodium channels. In- In addition to the sieve described above, we suggest
that there is a diffusion barrier in the myelin sheath thatdeed, in the absence of either caspr or contactin, potas-
sium channels are displaced from the juxtaparanodal functions as a molecular fence (Figure 5b). There is an
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exceedingly sharp discontinuity—there is no transition axoglial apparatus. This idea agrees nicely with data
zone—between compact myelin and the apices of the reported by Kusumi and colleagues who demonstrated
noncompacted paranodal loops, and we propose that that the outer bilayer leaflet is also a key determinant
this could be the site of this diffusion barrier. In the CNS, in terms of protein mobility and diffusion. The more ex-
this barrier is sealed by myelin basic protein (MBP), tensive the cooperative interactions between membrane
a very abundant, highly charged peripheral membrane lipids and their embedded or associated proteins, the
protein that binds phosphatidylserine moieties, which more likely it is that the movements within the bilayer
are asymmetrically disposed on the cytoplasmic aspect of these proteins may become restricted (Kusumi and
of the compact myelin bilayer. MBP bound to this sur- Sako, 1996; Nakada et al., 2001).
face probably acts to immobilize the fused hemibilayers
and so prevents transmembrane proteins that have cy- Conclusion
toplasmically disposed domains from passing through To test the ideas presented here, we will require first a
this barrier. Consistent with this model in the shiverer complete catalog of the proteins expressed by neurons
mouse, where the MBP gene is functionally deleted, and myelinating glia that become distributed at the ax-
and the major dense line, the site of MBP-mediated oglial apparatus. Those that are found to localize at
membrane fusion, thus fails to form, proteins such as regions where molecular sieves and diffusion barriers
neurofascin 155, normally confined and highly concen- may be operative might then be tested in planar bilayer
trated in the paranodal loops, can now freely diffuse systems such as those in current use to dissect the
into the defective myelin bilayer (Tait et al., 2000). We properties of the components of the immunological syn-
suggest that, as a direct consequence of this, caspr and apse, which develops at the interface between antigen
contactin cannot become organized correctly on the presenting cells and T cells (Grakoui et al., 1999). Planar
axonal surface, and the molecular sieve function is com- bilayer experiments have shown that the immunological
promised, allowing the sodium channels to spread be- synapse segregates cell surface molecules into concen-
yond the nodal locus. In the PNS, where MBP levels are tric regions, some of which function as lateral diffusion
low, the cytoplasmic domain of protein zero (P0), which, barriers, and it is because of this kind of analysis that
like MBP, also carries a high net positive charge, could we now have a reasonably well-developed understand-
possibly perform the barrier function, given the very ing of how individual protein components contribute
high abundance of this glycoprotein, and its lattice-like to the diffusion barriers that function at this particular
arrangement in the bilayer (Shapiro et al., 1996). synapse. Studies utilizing engineered mouse mutations
A further prediction of this model would be that modifi- will also continue to be of value in assessing the struc-
cations of the lipid composition of the membrane should ture/function relationships among the components of
also affect membrane diffusion properties and, as a con- the axoglial apparatus, and the expression of fluores-
sequence, the domain localization of channel and mem- cent-tagged proteins and lipids in culture systems
brane proteins. The composition of the lipid bilayer, and should eventually allow high-resolution, direct time-
the asymmetry of the plasma membrane can also affect lapse observation of axoglial assembly.
lateral protein mobility. Sugar moieties attached to Finally, it should be emphasized that although these
membrane lipids are all displayed on the extracellular sieves and barriers may help explain certain aspects
surface and potentially form a charged molecular array of the final configuration of the axoglial apparatus, the
that would tend to repel or keep at a defined distance process by which this structure is assembled is still very
an apposing membrane surface. Some of these moieties much a mystery, and the relationship that must exist
may be interacting partners with proteins emanating between the apparatus and the still-elusive mechanisms
from the apposed cell surface and may assist in poly- of compact myelin formation is yet to be explored.
peptide clustering. In this respect, channel proteins with
glycosylated hydrophilic loops displayed on the extra- Acknowledgments
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